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been found, but the properties obtained by the formation of the MPB are still inferior to those of PZT. In improving the properties of solid solutions, the characteristics of end members should be thoroughly evaluated to understand the composition-dependent responses of solid solutions. However, there have been only a few reports on end member compounds; most of the studies have attempted to improve important material properties. The basic properties of BNT are not completely understood; unclear aspects remain. Regarding the understanding of BNT, there are reports on A-site modifications Zuo et al., 2008; Kimura et al., 2005; Nagata et al., 2005) , but there are only a few on B-site doping. In this work, the effects of B-site doping in BNT ceramics were studied using a donor Nb 5+ and an acceptor Mn 3+ for B-site Ti 4+ . Two key properties, dielectric depolarization temperature (T d ) and piezoelectric coefficient (d 33 ), were evaluated in relation to microstructure and phase purity. Then, they were compared with donor and acceptor effects in PZT (Jaffe et al., 1971; Zhang et al., 2008; Erhart et al., 2007; Zhang & Whatmore, 2003; Randall et al., 1998; Park & Chadi, 1998; Gerson, 1960) to identify similarities and differences between BNT and PZT ceramics. In addition, the electrical conductivity of BNT was measured and discussed as a function of the oxygen partial pressure and temperature.
Experimental
Powders of at least 3 N purity Bi 2 O 3 (99.9%), Na 2 CO 3 (99.95%), TiO 2 (99.9+%), Nb 2 O 5 (99.9%), and Mn 2 O 3 (99.999%) were used to prepare (Bi 0.5 Na 0.5 )(Ti 1-x D x )O 3 (D = Nb, Mn) ceramics through solid-state processing. In handling the raw powders, hygroscopic Na 2 CO 3 was thoroughly dried in a dry-oven until no change in weight occurred. Then it was quickly weighed in air; if not, it absorbs moisture from the air and increases in weight, thus comprising an incorrect composition from the beginning. The compositions of the samples were controlled to be x = 0-1 mol % for Nb doping and 0-2 mol % for Mn doping. The powders of each composition were ball-milled using yttriastabilized zirconia balls and anhydrous ethanol to keep the powders from water. After milling, powders were dried and calcined twice at 780 °C and 800 °C for 2 h in air to prevent the premature loss of any component during calcination and to have homogeneous powders after calcination. Next, they were mixed with 5 wt% polyvinyl alcohol (PVA) aqueous solution to 0.5 wt% and screened using a 150 µm sieve for pelletizing. Pellets of 10 or 18 mm in diameter and ~1 mm in thickness were made by uniaxial pressing at 150 MPa. Then, all the samples were sintered at 1150 °C for 2 h in air. During sintering, the heating rate was controlled to burn out the PVA at around 500 °C. The Archimedes principle was applied to estimate the apparent densities of the sintered pellets, and these values were compared with the theoretical densities. X-ray diffraction (XRD) patterns generated by a diffractometer with Cu Kα radiation (λ = 1.541838 Å) at 40 kV and 30 mA were taken from the polished surfaces of sintered pellets and analyzed for identifying phases. Scanning electron microscopy (SEM) with energy dispersive spectroscopy was used to detect any secondary phase formation as well as to examine grain morphology that occurred during sintering. To measure their properties, the samples were polished on both sides down to 0.5 mm in thickness using #400, 800, and 1200 emery papers. They were painted with Ag paste and then cured at 650 °C for 0.5 h in air. Poling of samples was carried out at a dc field of 40 kV/cm for 0.5 h in silicone oil at room temperature using a high voltage supply (Keithley 248), and leakage current was monitored using an electrometer (Keithley 6514). After aging for 24 h, the room temperature d 33 was measured using a piezo d 33 meter (ZJ-6B, IACAS) at 0.25 N and 110 Hz. The dielectric constant ( ) and the loss tangent (tan ) at various frequencies on heating and cooling were measured using an impedance analyzer (HP4192A). The planar electromechanical coupling factors (k p ) and mechanical quality factors (Q m ) of the samples were calculated from the resonance frequencies (f r ), the antiresonance frequencies (f a ), the resonant impedances (Z r ), and the capacitances (C p ) at 1 kHz, measured using an impedance gain phase analyzer (HP4194A). Electric field dependent polarization (P-E) hysteresis loops were measured using a Sawyer-Tower circuit to measure remnant polarization (P r ) and coercive field (E c ).
Results
The weight losses of the samples that occurred during sintering were consistently less than 1 wt%. This was thought to primarily result from the evaporation of moisture, the PVA, and possibly some of the Bi and Na oxides. The relative apparent densities of the pellets after sintering were all above ~95% of the theoretical density, indicating that the samples were consistently prepared under the processing conditions used in this work. Figure 1 shows the XRD patterns of (Bi 0.5 Na 0.5 )(Ti 1-x D x )O 3 ceramics with D = Nb or Mn substituting for Ti in BNT. In the case of a donor Nb doping, no secondary peak was observed up to 1 mol %, and all the peaks were indexed to be rhombohedral. In the case of an acceptor Mn doping, XRD patterns were also phase-pure up to 2 mol %. An obvious difference observed among the images is the grain size relative to doping; the grain size decreased with Nb doping and increased with Mn doping, depending on the amount of Nb and Mn doping. The decrease in grain size in the case of Nb donor doping can be explained by A-site cation vacancies created by B-site donor doping required to maintain charge neutrality in the lattice. These cation vacancies exist along grain boundaries rather than inside grains, which is thermodynamically more stable. Grain boundaries would be pinned by these defects, inhibiting grain growth and resulting in relatively small grains in the case of donor doping (Yi et al., 2002; Lewis et al., 1985; Lucuta et al., 1985) . Mn acceptor doping, on the other hand, induces oxygen vacancies instead of A-site vacancies required to maintain charge neutrality in the lattice. It appears that grain growth was not inhibited by Mn doping inducing oxygen vacancies, as shown in Fig. 2 . These different roles of donor and acceptor that were observed in the microstructure affected the properties of BNT in different ways.
Phase and microstructure

Piezoelectric properties
For various piezoelectric applications, d 33 , k p , and Q m are key properties that need to be evaluated. As shown in Fig. 3 , d 33 gradually increased with Nb donor doping and gradually decreased with Mn acceptor doping. As mentioned above, B-site donor doping induces A-site vacancy to maintain charge neutrality in the lattice. This A-site vacancy facilitates domain walls motion. Consequently, domains alignment during poling improves, resulting in a higher d 33 . x of (Bi 0.5 Na 0.5 )(Ti 1-x D x )O 3 (mol %) k p B-site acceptor doping, on the other hand, reduces A-site vacancy or induces oxygen vacancy to maintain charge neutrality in the lattice. Acceptor doping produces the results that are opposite to those produced by donor doping, as shown in Fig. 3 . Oxygen vacancy is relatively mobile; this pins domain walls (Zhang & Whatmore, 2003; Park & Chadi, 1998) , resulting in a lower d 33 unless the vacancy becomes immobile by forming defect complexes with other defects (Hu et al., 2008; Zhang et al., 2008; Erhart et al. 2007 ). The increase from donor doping and the decrease from acceptor doping in the d 33 of BNT ceramics are generally consistent with the variations from doping in the d 33 of PZT-based ceramics (Jaffe et al., 1971) . Regarding the microstructure, d 33 appears to be inversely related to grain size. The trend observed in k p , as shown in Fig. 4 , was similar to that observed in d 33 . A slight increase from Nb donor doping and a gradual decrease from Mn acceptor doping occurred; this is consistent with the typical outcomes of B-site donor and acceptor doping in PZT. Q m , on the contrary, decreased with Nb donor doping and increased with Mn acceptor doping, as shown in Fig. 5 . Regarding mechanical loss, it is expected that the grain boundary would cause more loss than the grain itself. As grain size increases, grain boundary area decreases, yielding a higher Q m . This result can be coupled with the variation in grain size according to doping, as shown in Fig. 2 . Q m became smaller as grain size became smaller with Nb donor doping, but it became slightly larger as grain size became slightly larger with Mn acceptor doping.
Dielectric properties
For measuring dielectric properties according to changes in doping, the samples were prepoled to expose T d , as indicated by the arrow marks in Fig. 6 . With Nb donor doping both room temperature ε and tan δ increased while with Mn acceptor doping, ε did not change significantly and tan δ decreased, as shown in Fig. 6 . These dielectric results of BNT with Bsite donor and acceptor doping are similar to those of PZT with doping, although the two are dielectrically different materials. Fig. 7 . BNT is dielectrically different from PZT. As a relaxor exhibiting frequency dependence and a broad transition, BNT is dielectrically lossy because of the to space-charge contribution (Hong & Park, 1996) . A polymorphic phase transition occurs as lattice symmetry changes from rhombohedral to tetragonal, then to cubic symmetry. In addition, BNT has a unique transition, T d , unlike PZT. For practical applications, this T d of ~200 °C is considered to be a critical drawback of BNT because its temperature stability is lower than that of PZT. 
Electrical properties
In oder to determine the electrical conductivity of BNT ceramics, the resistivity of the sample was measured as a function of temperature (T) and oxygen partial pressure (pO 2 ), then converted into electrical conductivity (σ). The sample was attached to Pt wires (φ = 0.2 mm) according to the four probe method to eliminate the non-ohmic contact. The low oxygen pressure was established using an O 2 /Ar mixture. Figure 8 shows σ of BNT ceramics in the range of T = 700-900 °C and pO 2 = 10 0 -10 -5 atm. In the experimental results, the dlogσ/dlogpO 2 slopes are clearly negative in the temperature range tested. Therefore, the conduction behavior of BNT can be considered as n-type in the elevated temperature range.
Other properties
In addition to the above-mentioned piezoelectric and dielectric properties, other properties, such as ferroelectric and electrical properties, must be considered in relation to practical applications. For instance, E c , P r , and leakage current density (J leak ) are important properties that need to be characterized. (Shannon, 1976) . The values for phase purity are not the solubility limits of doping but merely indicate the phase purity confirmed experimentally up to that point. The variation in the values for BNT is thought to be mostly due to differences in sample preparation. * (Yeo et al., 2009 ) and † (Cho et al., 2008) 
Discussion
PZT has been studied for decades and its properties have been categorized in detail, while only a few reports and studies are available for BNT. The effects of donor and acceptor doping on both BNT and PZT ceramics are summarized in Table 2 . The trends related to www.intechopen.com
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donor and acceptor doping observed in BNT ceramics are similar to those observed in PZT, but there are also some differences. For ABO 3 perovskite, as mentioned above, B-site donor doping induces A-site vacancies while acceptor doping reduces A-site vacancies and induces oxygen vacancies to maintain charge neutrality in the lattice. A-site vacancies facilitate domain walls motion (Gerson, 1960) , which explains a high d 33 and dielectric loss (Jaffe et al, 1971) . Oxygen vacancies, on the other hand, are mobile and pin domain walls; this restricts domain switching, resulting in a low d 33 and dielectric loss. Oxygen vacancies, however, can be tied up with cation vacancies forming defect complexes that make them immobile (Hu et al., 2008; Zhang et al., 2008; Erhart et al. 2007; Zhang & Whatmore, 2003; Park & Chadi, 1998) . If this occurs, domain walls motion is not hindered but grain growth is hindered by grain boundary pinning caused by defect complexes .
Coupling the piezoelectric values with the microstructural variations in Fig. 2 Table 2 . Comparison of the effects of donor and acceptor doping in BNT ceramics (given in Table 1 ) with those in PZT ceramics ‡ (Jaffe et al., 1971 Table 1 . In cases of similar ionic size, there will be minimal change in the shape and size of the lattice. With a small amount of doping, therefore, it would be difficult to detect any variation in the XRD patterns. Indeed, as shown in Fig. 9 , there was no apparent change in peak positions caused by Nb donor or Mn acceptor doping. It would be interesting to know if any variation in lattice parameters occurs in the case of a substantial amount of doping with a relatively large difference in ionic radii. Fig. 9 . Detailed XRD patterns of (Bi 0.5 Na 0.5 )(Ti 1-x D x )O 3 ceramics (D = Nb, Mn), from the patterns shown in Fig. 1 There are some data regarding donor doping effects in BNT-based ceramics, but little information is available about acceptor doping effects. This situation could exist because acceptors with 3+ valence can be on either the B-site Ti or the A-site vacancy, considering the volatile A-site Bi 3+ and Na 1+ . For dornors with 5+ or 6+, on the other hand, it is unlikely that they would occupy the A-site vacancy instead of the B-site Ti. Moreover, even if they did, the resulting outcomes would still be considered as donor doping effects. As shown in Table 2 , among the data on donor effects, consistent trends can be identified. Grain size, Q m , T d , and E c decreased, while d 33 and P r increased. These trends become reversed with acceptor doping. Finally, it cannot be emphasized enough that hygroscopic Na 2 CO 3 must be completely dried before and during weighing. Otherwise, the nominal compositions of the samples will be Intensity (arb. unit) 2θ (degree) incorrect. If the ionic radius of an acceptor with 3+ valence is larger than that of Ti 4+ , doping of an acceptor with 3+ valence on Na 1+ vacancy, instead of the Ti 4+ site, might occur. In addition, there is the possibility of an acceptor with 3+ valence substituting for A-site Bi 3+ instead of for B-site Ti 4+ . This appears to explain the inconsistent results and donor-like effects (see Table 1 ) that were observed in Sc 3+ , which has a larger ionic radius than the others do as compared with that of Ti 4+ . To confirm the acceptor effects in BNT, the next experiment should include the doping of acceptors with 2+ valence and small differences in ionic radii.
Summary
The effects of a B-site donor, Nb 5+ , and an acceptor, Mn 3+ , for Ti 4+ in Pb-free (Bi 0.5 Na 0.5 )(Ti 1-x D x )O 3 (D = Nb or Mn) ceramics were studied in terms of microstructure and important properties. Regarding the microstructure, all the samples retained a perovskite structure with rhombohedral symmetry with both Nb donor and Mn acceptor doping. No secondary phase was seen up to x = 1.0 mol % of Nb-doped BNT ceramics and x = 2.0 mol % of Mndoped BNT ceramics. The grain size, however, decreased with Nb doping and slightly increased with Mn doping. In addition to producing variation in microstructure, Nb and Mn yielded opposite piezoelectric and dielectric outcomes. Higher d 33 , lower Q m , and smaller grain size were obtained from Nb doping, while lower d 33 , higher Q m , and larger grain size were obtained from Mn doping. These results indicate a correlation between piezoelectric properties and grain size. Regarding the dielectric transition, T d decreased with Nb doping, but it decreased slightly then held steady with Mn doping. Overall, the donor effects observed in BNT ceramics were similar to those observed in PZT ceramics, but acceptor effects need to be studied further in order to produce consistent data. At elevated temperatures, BNT exhibited n-type conduction.
